Oxazolidinones are antibacterial agents that act primarily against gram-positive bacteria by inhibiting protein synthesis. The binding of oxazolidinones to 70S ribosomes from Escherichia coli was studied by both UV-induced cross-linking using an azido derivative of oxazolidinone and chemical footprinting using dimethyl sulphate. Oxazolidinone binding sites were found on both 30S and 50S subunits, rRNA being the only target. On 16S rRNA, an oxazolidinone footprint was found at A864 in the central domain. 23S rRNA residues involved in oxazolidinone binding were U2113, A2114, U2118, A2119, and C2153, all in domain V. This region is close to the binding site of protein L1 and of the 39 end of tRNA in the E site. The mechanism of action of oxazolidinones in vitro was examined in a purified translation system from E. coli using natural mRNA. The rate of elongation reaction of translation was decreased, most probably because of an inhibition of tRNA translocation, and the length of nascent peptide chains was strongly reduced. Both binding sites and mode of action of oxazolidinones are unique among the antibiotics known to act on the ribosome.
INTRODUCTION
Oxazolidinones are a new class of antimicrobial agents that act against a wide spectrum of bacteria, primarily gram-positive and anaerobic ones (Slee et al+, 1987; Daly et al+, 1988; Brickner et al+, 1996; Ford et al+, 1996) + Studies on the mechanism of action of oxazolidinones have shown effects on protein synthesis, whereas DNA and RNA synthesis were not affected (Eustice et al+, 1988a (Eustice et al+, , 1988b )+ Which particular step of protein synthesis is suppressed is not known+ It has been shown that formation of fMet-tRNA fMet , peptide bond formation, and termination are not inhibited by the antibiotics (Lin et al+, 1997; Shinabarger et al+, 1997 )+ The effects on the initiation and elongation steps of protein synthesis are less clear+ Cell extracts treated with an oxazolidinone (DuP 721) were severely impaired in protein synthesis on natural mRNA (Eustice et al+, 1988b )+ In contrast, no effect was observed when synthetic mRNAs were used, such as (GU 2 ) n (Eustice et al+, 1988b) or poly(U) (Shinabarger et al+, 1997 )+ Because translation on natural mRNA requires initiation, unlike that on synthetic mRNAs, it was suggested that initiation may be affected by oxazolidinones (Eustice et al+, 1988b )+ On the other hand, no inhibition of fMettRNA fMet binding to the ribosome or of fMet-puromycin formation was observed, indicating that in the presence of oxazolidinones, initiation resulted in correct positioning of the tRNA-mRNA complex in the ribosomal P site (Eustice et al+, 1988a )+ The precise target for oxazolidinones is not known, although binding to the 50S ribosomal subunit was reported (Lin et al+, 1997 )+ The binding of the oxazolidinone eperezolid was competitively inhibited by chloramphenicol and lincomycin, indicating overlapping binding sites+ However, since the affinity of oxazolidinone was estimated to be 10 times lower than that of chloramphenicol and lincomycin, and because of the different mode of action of oxazolidinone, the effects on binding can be also explained by conformational changes of 23S rRNA, rather than by direct competition+
In the present paper, we determine the binding site(s) of oxazolidinones on 70S ribosomes using cross-linking and footprinting techniques+ The results reveal defined oxazolidinone binding sites on each ribosomal subunit, both involving binding to rRNA+ In 16S rRNA, the oxazolidinone binding site was found in the loop closing helix 26 in the central domain+ On the 50S subunit, a binding site in domain V of 23S rRNA was identified that is close to the binding sites for protein L1 and for the 39 end of E site-bound tRNA+ The inhibitory effect of oxazolidinones on the translation of natural mRNA was analyzed in a purified and highly active in vitro translation system from Escherichia coli+ The data suggest that oxazolidinones inhibit elongation by affecting the translocation step+ No effect was found on initiation or on the transition from initiation to elongation+
RESULTS

Localization of the oxazolidinone binding site by cross-linking
For cross-linking, ribosomes (0+5 mM) were incubated with an excess (2 mM) of a 3 H-labeled azido derivative of oxazolidinone, compound 1 (Fig+ 1), and crosslinking was induced by UV light+ The conditions were chosen such that the extent of cross-link was 0+1-0+15 mol reagent per mol ribosomes+ The distribution of crosslinked compound between the ribosomal subunits was studied by sucrose gradient centrifugation (Stade et al+, 1989) , and 40 and 60% were found associated with the 30S and 50S subunits, respectively+ The material sedimenting in the 30S and 50S peaks was collected, and the distribution of the radioactivity between the protein and rRNA fraction was analyzed (see Materials and Methods)+ Practically all cross-linked oxazolidinone was recovered in the 16S and 23S rRNA pools, whereas less then 5% of the radioactivity was found in the ribosomal protein fraction+
The sites of oxazolidinone cross-link on 16S and 23S rRNA were mapped by RNase H digestion in the presence of oligodeoxyribonucleotides complementary to selected sequences within rRNA, using rRNA isolated from ribosomes cross-linked to 3 H-labeled compound 1+ For 16S rRNA, four oligodexyribonucleotides were used that were complementary to positions 611-628, 970-988, 1047-1067, and 1257-1275+ After annealing, the regions containing RNA-DNA duplexes were digested by RNase H, yielding two rRNA fragments of varying length+ The fragments were separated electrophoretically, eluted from the gel, and the radioactivity in both fragments was determined, as depicted in Figure 2A+ In each case, the labeled fragment contained .80% of the total radioactivity (about 5,000 dpm)+ These data clearly show that oxazolidinone is cross-linked to the region encompassing positions 628-970 of 16S rRNA+ Analogous experiments were performed with 23S rRNA, using four oligodeoxyribonucleotides that were complementary to positions 1906-1922, 2234-2251, 2607-2630, and Primer extension analysis with 16S rRNA, using a primer complementary to positions 970-988, did not reveal reverse transcriptase stops due to cross-linking in the region defined by RNase H mapping (not shown)+ This indicates that the cross-link to 16S rRNA did not modify positions of bases involved in base pairing, but rather other base positions or sugar residues, the modification of which would not affect the template function in reverse transcription+
Localization of the oxazolidinone binding site by footprinting
To complement the cross-linking results, we have examined the protection of bases of rRNA from chemical probing by dimethyl sulphate (DMS) in the presence of antibiotic+ A large excess of antibiotic was used, and both 16S and 23S rRNAs were completely scanned by primer extension analysis to reveal all potential sites of interaction+ The ribosomes were first incubated with unmodified compound 2 (Fig+ 1) to form the complex, and then with DMS for modification+ rRNA was isolated, and the positions of methylation were determined by primer extension using reverse transcriptase+ A set of oligodeoxyribonucleotide primers was used that were complementary to regions of 16S and 23S rRNA separated by approximately 200 nt+ In 16S rRNA, a strong protection of A864 was found (Fig+ 4A); in the presence of compound 2, the efficiency of modification decreased by 85%+ In 23S rRNA, A2114 and A2119 were similarly (80%) protected in the presence of compound 2 (Fig+ 4B)+
The results obtained by cross-linking and footprinting are summarized in Figure 5+ On the 30S subunit, the oxazolidinone binding site is localized in the central domain of 16S rRNA, in the loop closing helix 26+ On the 50S subunit, the antibiotic binds to domain V of 23S rRNA, close to the binding site of protein L1 and the ribosomal E site (Said et al+, 1988; Moazed & Noller, 1989 )+
Mechanism of action of oxazolidinones
It has been suggested that oxazolidinones inhibit initiation and the transition from initiation to elongation (Eus- Table 1 , there is practically no effect of oxazolidinones on these reactions, indicating that initiation and EF-Tudependent A-site binding of aa-tRNA are not affected+ Also the time courses of the two reactions were identical in the absence and presence of antibiotics, as measured by nitrocellulose binding (initiation) or by fluorescence stopped flow (A-site binding; Rodnina et al+, 1994a ; data not shown)+ To measure quantitatively the effect of oxazolidinones on the elongation step, we determined the average rate of translation of a natural mRNA in a translation system reconstituted from purified components+ A truncated mRNA comprising the ribosome binding site and coding for the first 81 amino acids of b-lactamase was used+ To avoid polysome formation, the ribosomes were programmed with an excess of mRNA+ Ribosomes could synthesize one peptide chain only, because they were stalled at the last codon of the truncated mRNA, due to the lack of termination factors and a stop codon+ Protein synthesis was initiated by the addition of excess EF-Tu, EF-G, and purified aa-tRNA (containing tides contained one f[ 3 H]Met and up to ten [ 14 C]Leu, the peptide chain length was determined from the 14 C/ 3 H ratio, and the fraction of ribosomes taking part in peptide elongation from the amount of 3 H in TCAprecipitable peptides+ The latter number was the same in the presence and absence of oxazolidinones (Table 2) , again suggesting there is no effect of the antibiotic on either initiation or the transition from initiation to elongation+ In the absence of oxazolidinone, the average number of Leu per peptide was 9, which corresponds to an average chain length of 69 amino acids (of 81 possible)+ The rate of polypeptide synthesis was estimated by single exponential fitting to 0+64 6 0+12 min Ϫ1 ; therefore, the total time required for the synthesis was 1/0+64 ϭ 1+6 min, and the time for the elongation of the nascent peptide by one amino acid is 1+6/69 ϭ 0+023 min, yielding an average elongation rate of about 0+7 s Ϫ1 + In the presence of compounds 2 and 3, shorter peptides were synthesized that were about 29 and 53 amino acids long, respectively+ With compound 2, the elongation rate was 0+38 6 0+11 min
Ϫ1
per peptide, or about 0+18 s Ϫ1 per amino acid (total synthesis time is 1/0+38 ϭ 2+6 min for 29 amino acids, and 2+7/29 ϭ 0+09 min for one amino acid)+ A similar value (0+17 s Ϫ1 ) was obtained with compound 3 (elongation rate 0+20 6 0+03 min Ϫ1 , total synthesis time 5+1 min, or 0+09 min per amino acid)+ Thus, oxazolidinones reduced the elongation rate about fourfold+ Since A-site binding of aa-tRNA was not affected by oxazolidinones (see above), the reduced elongation rate is attributed to slower EF-G-dependent translocation+
DISCUSSION
The oxazolidinones bind to two distinct sites on the two subunits of the prokaryotic ribosome, in both cases to rRNA+ On 23S rRNA, oxazolidinones bind to a phylogenetically highly conserved region in the vicinity of the binding site of ribosomal protein L1 (Said et al+, 1988 )+ Because of tertiary structure of the 2100-2180 region of the 23S rRNA (Fig+ 5), the positions identified by cross-linking and footprinting in this region are probably close to each other+ Until now, this region was not reported to be involved in antibiotic binding+ This indicates that the mechanism of action of oxazolidinones is different from that of other known ribosome-targeted antibiotics+ It was reported previously that oxazolidinones competed with chloramphenicol and lincomycin for binding to the 50S ribosomal subunit (Lin et al+, 1997)+ Footprinting studies have indicated that chloramphenicol protects A2058, A2059, and A2062 (weak protections), as well as A2451 and G2505 (strong protections; Moazed & Noller, 1987) , that is, in a region that is located in the P site of the peptidyltransferase center (Barta et al+, 1990 )+ Lincomycin protects the same nucleotides (A2451, G2505, and A2508) (Douthwaite et al+, 1992)+ However, the peptidyltransferase activity of the ribosome was not affected by oxazolidinones (Lin et al+, 1997 )+ As our data show that the oxazolidinone binding site on the 50S subunit is distant from the peptidyltransferase center, the effect of the antibiotic on chloramphenicol and lincomycin interaction with the ribosome is probably indirect, indicating conformational coupling between the peptidyltransferase center and the L1 binding region of 23S rRNA, where oxazolidinones bind+ Interestingly, G2112 and G2116 of the same region of 23S rRNA were shown to be involved in the interaction of deacylated tRNA with the ribosomal E site (Moazed & Noller, 1989 )+ Upon translocation, P sitebound deacylated tRNA moves through the E site to dissociate from the ribosome, and it has been shown that the transiently occupied E site is an important functional intermediate of translocation (Wintermeyer et al+, 1990 )+ It was shown that inhibition of the tRNA association with the E site results in strong suppression of the translocation rate (Lill et al+, 1989) + If the main effect of oxazolidinones on translation is due to binding to the 50S subunit, then the effect could be explained by an inhibition of tRNA release from the ribosome by interfering with the interaction in the E site+ Another interaction site of oxazolidinones was identified at position A864 of 16S rRNA+ It is possible that oxazolidinone interacts with rRNA in both subunits from a single binding site+ However, in the recent model of the 30S subunit (Mueller & Brimacombe, 1997a , 1997b , A864 is placed such that it would be far away from the position of protein L1+ Thus, it is not excluded that there are separate binding sites for oxazolidinone on the two ribosomal subunits+ A864 is close to the region of 16S rRNA where secondary binding sites for aminoglycoside antibiotics neomycin, gentamicin, and kanamycin have been reported (weak protections of G851 and C862; Moazed & Noller, 1987 )+ Footprinting experiments using base-specific reagents or Fe(II)-EDTA have identified nearby helices 25 (positions 820-828, 872-875) and 26 (positions 858-859) as being protected by S8 (Stern et al+, 1988; Powers & Noller, 1995) + Although the binding site of S8 is located in helix 21 (Mougel et al+, 1987; Allmang et al+, 1994; Kalurachchi et al+, 1997) , it is possible that in the three-dimensional structure of the 30S subunit, the 860 region is also in contact with the protein (Mueller & Brimacombe, 1997b )+ In addition, a cross-link of the 819-859 region of 16S rRNA to IF3 has been found by chemical cross-linking (Ehresmann et al+, 1986 )+ The phylogenetic conservation of the 860 region is weak, and there are no data suggesting a direct functional role of the 860 region in translation+ Thus, if oxazolidinone binding to the 30S subunit is involved in the observed inhibitory action, it may be attributed to an inhibition of long-range conformational changes of 16S rRNA that interfere with the dynamics of the rRNA junction in the vicinity of the oxazolidinone binding site+ Additional effects of oxazolidinones on ribosome assembly in vivo cannot be excluded, though+
Our data show that the elongation step of translation is affected by oxazolidinones, while no influence was observed in initiation or on the transition from initiation to elongation+ Furthermore, EF-Tu-dependent aa-tRNA binding to the A site and peptide bond formation were not affected+ Thus, the likely functional target for oxazolidinones is the translocation step+ Interestingly, not only was the average elongation rate decreased in the presence of the antibiotic, but also the overall peptide length was reduced+ This indicates that the reduced translocation rate results in a premature drop-off of peptidyl-tRNA from the ribosome; the effect may be reinforced by structural elements of the mRNA that may introduce further obstacles for movement+ Such effects may be difficult to observe in poly(U) translation (Eustice et al+ 1988b; Shinabarger et al+, 1997)+ Premature termination of peptide elongation may have important consequences in vivo, because incomplete and therefore functionally inactive proteins would be synthesized+ As protein synthesis constitutes a major fraction of the energy-consuming activity of the bacterial cell, the accumulation of relatively small effects on the rate and processivity of elongation may have dramatic consequences for the cell+ Nevertheless, the present results are also consistent with the bacteriostatic, rather than bacteriocidal, mode of action of oxazolidinone compounds+
MATERIALS AND METHODS
Materials
70S ribosomes from E. coli MRE 600 and EF-Tu from E. coli K12 were prepared as described (Rodnina & Wintermeyer, 1995) + EF-G was expressed in E. coli JM109 using pTZfus plasmid (Borowski et al+, 1996) + Cells were lysed in buffer A (50 mM Tris-HCl, pH 7+5, 10 mM MgCl 2 , 0+5 mM EDTA (ethylene diamine tetraacetic acid), and 6 mM b-mercaptoethanol) in the presence of 100 mM PMSF (phenyl-methyl-sulfonyl fluoride) and 30 mM GDP (guanosine-59-diphosphate), lysozyme (5 mg/g cells), sodium deoxycholate (12+5 mg/g cells), and DNAse I+ EF-G was first purified by chromatography on Sepharose CL6B (Pharmacia) using 0-0+35 M KCl gradient in buffer A+ Fractions containing EF-G were further purified by Fast Protein Liquid Chromatography (FPLC) on Superdex 75 HiLoad (Pharmacia) using buffer A containing 10% glycerol and 100 mM PMSF, and on MonoQ (Pharmacia) using a 0-0+35 M KCl gradient in buffer A with 10% glycerol+ EF-G was concentrated and stored in buffer B (50 mM Tris-HCl, pH 7+5, 70 mM NH 4 Cl, 30 mM KCl, 7 mM MgCl 2 , and 1 mM dithiothreitol) with 50% glycerol+ Initiation factors were isolated from overproducing strains kindly provided by C+ Gualerzi (Camerino)+ Cells were opened by addition of lyzozyme (5 mg/g cells), sodium deoxycholate (12+5 mg/g cells) and DNAse I in buffer C containing 20 mM Tris-HCl, pH 7+7, 60 mM NH 4 Cl, 10 mM MgCl 2 , 5 mM b-mercaptoethanol, and 0+1 mM PMSF+ To wash initiation factors off the ribosomes, 1 M KCl was added to the S30 fraction, incubated 10 min, and the ribosomes were removed by centrifugation (S100)+ Initiation factors were purified to homogeneity by Fast-Flow FPLC on S-Sepharose using 0+2-0+8 M KCl gradient in 50 mM MOPS, pH 6+4, 0+25 mM MgCl 2 , 0+05 mM EDTA, 5 mM b-mercaptoethanol, and 0+1 mM PMSF+ Two different mRNAs, MFTI and b-lactamase mRNA, were used for initiation and translation experiments+ MFTI-mRNA contains the ribosomal binding site and a coding sequence Met-Phe-Thr-Ile + + + , 120 nt long in total+ The plasmid pXR022 coding for mMFTI (Calogero et al+, 1988) was provided by C+ Gualerzi (Camerino)+ b-lactamase mRNA was obtained using a plasmid pBCR5-2 (G+ Rauch, unpubl+); it contained the ribosome binding site followed by the coding sequence of b-lactamase+ The plasmids pXR022 and pBCR5-2 were linearized by HindIII and ScaI, respectively+ The mRNAs were prepared by run-off transcription with T7 RNA polymerase and purified by FPLC on MonoQ+ Aminoacyl-tRNA was prepared by charging total tRNA from E. coli (Boehringer) using 300 mM nonlabeled amino acids except leucine, 30 mM 14 C-leucine (560 dpm/pmol, ICN), 3 mM ATP, and E. coli S100 fraction in buffer B, and purified by chromatography on DE52 (Whatmann)+ f[ 3 H]Met-tRNA fMet (3,500 dpm/pmol, ICN) was prepared and purified as described (Rodnina et al+, 1994b )+ [ 14 C]Phe-tRNA Phe from E. coli was purified by high-performance liquid chromatography (HPLC) on LiChrospher WP300 RP18 column (E+ Merck) using a gradient of 0 to 20% ethanol in 20 mM ammonium acetate (pH 5+5), 10 mM magnesium acetate, and 0+4 M NaCl+ Compounds 2 and 3 (Fig+ 1) were prepared according to Carlson et al+ (1990) + Compound 1 was prepared in an analogous manner+ Details of the synthesis will be reported elsewhere+ 3 H-labeled compound 1 was synthesized by coupling the appropriate amine precursor with 3 H-labeled acetate+ The radiochemical purity of the substance was .98+7% as determined by HPLC, the specific activity 1,898 GBq/mmol (142 mCi/mg)+
Analysis of the cross-linking site of oxazolidinone
For cross-linking, 0+5 mM ribosomes were incubated with 2 mM 3 H-labeled compound 1 in buffer D (20 mM HEPES, pH 7+5, 70 mM NH 4 Cl, 30 mM KCl, and 7 mM MgCl 2 ) for 10 min at 37 8C, and irradiated with UV light for 90 s at 20 8C+
To minimize photodamage, a 280-nm cut-off filter (WG 280, Schott) was used+ Following ethanol precipitation, ribosomal subunits were separated by 10-30% sucrose gradient centrifugation in buffer E (20 mM Tris-HCl, pH 7+5, 0+3 M NH 4 Cl, 0+1 M KCl, and 1+5 mM MgCl 2 ) (Stade et al+, 1989 )+ The position of the cross-linked material in the gradient was identified by radioactivity counting+ Ribosomal subunits cross-linked to 3 H-labeled compound 1 were separated into ribosomal proteins and rRNA by centrifugation through 5-20% sucrose gradient in buffer containing SDS (sodium dodecyl sulfate) and EDTA (Kruse et al+, 1982) , and the cross-linked material identified by 3 H counting+ For subsequent analysis, 3 H-labeled 16S and 23S rRNA were isolated from the cross-linked subunits according to Wollenzien et al+ (1988) + RNase H digestion and analysis was performed according to Bogdanov et al+ (1988) + The exact crosslinking position of oxazolidinone on rRNA was determined by primer extension using AMV reverse transcriptase (Promega) (Stern et al+, 1988 )+
DMS probing
To identify the footprint position of oxazolidinone on rRNA, 0+5 mM ribosomes were incubated with 1 mM compound 2 in buffer D for 10 min at 37 8C, followed by addition of DMS and further incubation for 10 min at 37 8C+ Methylated sites were determined by primer extension using AMV reverse transcriptase (Stern et al+, 1988 )+ For quantitative analysis, autoradiographic films were scanned densitometrically+
Biochemical assays
Ribosomes (0+5 mM) were incubated for 30 min at 37 8C with a 3-fold excess of mRNA in the presence of a 1+5-fold excess of IF1, IF2, IF3, and f (Rodnina & Wintermeyer, 1995) + For translation experiments, a 70S initiation complex was formed on b-lactamase mRNA+ Peptide synthesis was initiated by adding EF-Tu (5 mM), EF-Ts (3 mM), EF-G (2 mM) and purified aa-tRNA (10 mM) to initiation complexes (0+2 mM)+ Aliquots were withdrawn after various times of incubation at 37 8C, quenched with 0+5 M KOH, hydrolyzed for 15 min at 37 8C, and precipitated with excess 10% cold TCA+ The precipitates were collected on nitrocellulose filters (Sartorius) and washed with 10 mL of cold 5% TCA+ After washing with isopropanol, filters were dissolved in QS361 and counted+
